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B
by Albert i,. ,)ohll,_ and .Merle I. Jones
SUbI,NARY
An experime) tal program was conducted in the l,ewis Research CelliSt
8- by 6-1!dOt Supersonic Wiud Tunnel to determine the vent discharge
coefficient for tile Centaur Standard Shroud (CSS)/llquld hydrogen (Lll2)
tank compartment vent. ]]_e tent wad conducted over a free-stream Mach
number range of 0.70 to 1.96 with th,_._vent mou_ted in a flat plate. The
plate was flush mounted to the tunnel sidewal] with co_ncidlnl, een_er-
lines. Air wad discharged from a p]_mum chamber) located on the tunnel
sidewall behind the plate, through i ire 6.35 cm (2.50 in.) diameter vent
orifices into the free-stream. The te._;twas conducted to #.ov_ee data f_>r
Lhe analysis of tile CSS/IAI 2 compartment venting daring ascent through
the atmosphere. Pull seals simulated ilight hardware) such as the vent,
corrugations, aft fieht .joint ring and ice bag clip was u:_ed, gound;lry
_o,, layer thickeners were used to wiry tile boundary layer heigl.t and prnfile.
_' The thickeners consisted of several rods fastened to a plate mounted at
_' the leading edge of the test section. TIle boundary layer height waried
= I_ • amfrom a maximum of 30.5 cm (12 in.) at Ho 0.70 tO a minimum of _ 8
(6.25 in.) at Mo = 1.40 using thickeners. Withou_ thickeners, the
boundary layer height varied from a max[mitre uf 29.8 cm (8.20 in.) tlt
Ho -- 0.70 to a m_nimttm of 15.2b em (6 [I1.) at ._1(_ = 1.40.
ct)e ft .i.c tentThe highes_ vent discharge ' " for any given Haeh number
anti vent pressure ratio generally occurred at the maximum displacement
th :iekness.
']'hr peak presnure coeilicitmt:_ cm_sed by the ice hag c_|ip m_d art
fiehl joint rilq; were greatly :inllueneed by tilt, bouadary layer chara,'ter-
fstics. For example) with,)ut holllldary layer thi('keners, the [)e_tk l)r_,_,btl;t'r_
cau;;(,d by the tel, bag clip and the ;)tt fi(,]d iohlt ring were ahnul the,
s_ime. But with thickeners) the la,ak pressure e_lu_;ed by th(, l,.'t: bag ('Jill
WilS Jess than that lot the all field joint ri_lg lip to blaeh t.20.
Vent flow fllcrt,_ts_)d tilt' stalJc pressure ahead of the vent illl(I dt,crl,ith¢,d
the ._tatic |)ressur(, at [ ot lilt! vent,
| NTRI)IH R'.'l I ()N
I)llrlll_ a_(!(,ut tJlloll_'_h tJl(' _l_ln()s])]ll,I_*) slave,rill ('()lllp_l_[ll)t'l)|:_ [n _]i('
'['|[ail/(1,en[_ls, l)r Ial!)nl_,h vehtch, ar_, v('lH(,d ow, rl)oard |nt(> the, tree _;tre,*m.
'lql(, vent Ii*g (hiring tills pert Ion i)! th(, |] it|it must |)e eOl}[l<)l led Ill ++tl(']l
a WiIV that the (_om|Hlrtmt'lll w;)l I_ will l_t)t I)e expo_(,d t. ox<,,+s_iv(, ('rm,h t.
........................................ 197 023111-TSA04
iI 1' i
I
burst presstlres. In deslgtlhlg a vt, nt sy._tem which will meet thJ_ ru(lUtte-
mcnt. it is necessary to know the discharge ch;=racterf:;tics _! the v_nt
openings as they are aflected by botil the goemetry of the opelllUgS al)d
t!le external environmental elements _llch as loc;tl velocity. ])Fe,_sure_
and boundary layer thickness, referrnces 1 through 9.
One oti the compartments to be vented during atmtr;pherJc ascenl: is ;_I*
annulus bounded by the hydrogen t_mk, _he Centaur St_mdard .%roud_ and
the bulkhead/seals at each end of the hydrogen tank. This compartment is
vented through the door on the hydrogen fill and draw valve chute. The
vent configuration consists of a cluster of five orifices 6.35 cm (2.50 in.)
in diameter.
_e present test was conducted primarily to determine the discharge
characteristics of this particular vent: configuration at various external
environmeucal eonditiot:s. A secondary objective was the determination of
aerodynamic pressure in the vicinity of the vents. Tile test was conducted
in the Lewis Research Center 8- by 6-foot Supersonic Wind Turnel over a
range of free stream Math numbers from 0.7C to 1.96. The test conflguratJon
consisted of a full-scale s_mu]ation of the door with vent holes mounted
on a flat plate attached to the wind tumml wall. Also included were
full scale sections of shroud corrugations and other protuberances which
are located in the vicinity of the wmt orlfices. Air was discharged through
the vent orifices into the wind tunnel stream from a plenum mounted on the
backside of tile wind tunnel wall.
SYMBOIA;
CP pressure coefficient, (ll - po)/qo
d. diameter of each vent ,_ritic_e_6.35 cm (2.50 in.)t
K vent discharge coefflcJent based on one-dimensional flow rate
that asaum,_-s a stat_c pressure reprc_entatJve to the vent
region when there Js n_, vent flow
M£,ML local Nacll number at the vent, bm_,d on loca] static pre_;sure
wlth no vent flow a_id true stream to_.al pressure
Mo_,MO free stream )I,IC[I nHIIIb_,r
N powe;" of power-law pr.l i_c
p_ local star Ic pressure
PO free stream st#,t Ir pres_ur_'
PE/PI plontu, pressar,, r;lI to, r,lt io ¢_f I ×t_q.,!l s/el i_ prr,,_i,_r_, ,_t
vent with(lilt let_tree slream Illter;icl Ion-to plt,lmTn pre.._.ulv
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I[O | r(!t!_,_,if-r(%'|ITi dyl];llll| c ]]re_;!;tlrl'
'VL/VI,NAX Imundn;y I_ly_,)" ,,,!l )city raLh) nl_,:l!_ured _d. tmnlrq :_tat lotto
619.77 <'in and 624,W_ _'nl
X/LL{I']F z-aLlo _)l axial d|!_t_tnl'¢' llolli _ilt J J_,](l io[rlt rillp, I_,adIng edge'
(tunn 1 _t_ltion tJ79.00 <'n_ (267.40 in.)) -to-reference length.
Where rL, ter,,ncc h,n_;lh, hREF _ :!.54 em (1.00 in.)
Y normal distance J'FOIII tFOttgh Ot corrltgated surlace
z dlstanee abow" (+) and hcio_ (-) plate centerlJne
boundary-layer thickne._s, height o1 the boundary-laye" where
local vel.oelty become._ 99 perceuk of maximum local val.ocity
6 displacement thLckness, ;_ IIIt2qL,_llr(] of delic£encv it] mass flow
through tile bounuary-laver ;is a r_.sult of tile atream hav/ng
been slowed by tr[ction
tl shape factor, ratio of di_q_la,,e_,t.t_t, tllI{tkll(!.'_s-LO-lllOlIlCqtttlIII
thickne'._;s, where llltlIIl_!ll_tlIII thickness is tile tilt.ckness ot
th(_ Jrt!t_-_tre_tlll t lotq ii_2c(,s,4_t,'" [0 lll_Ike lip t]l_, _ deficiency
Ln nlomentunt l]tlx within t'he boundary layer
APPAI<A'I U,_¢
'Yhe t_2st installation in the, 8- by 6-ioot Supersonic Wil)d 'J'ultnel i,
.qhown [i1 |igurt! 1. The p]tlLt! _4_1;; lJush iIIOUltlt!d to tilt' tullllt2] sidewall, the
CL'lltt2I'LiIlt_ of ]ha plat_, and tlillllt'] %4111] cOill(tidill}4. Tilt _ plate l.eadillg
edge wits lot;lied 92.7 cetll]lHt,ters ('](i,50 ill.) down_;trt,;llq ot the btmltd;irv
layer thickener plate, (fig° t(a)). _;_'_ t h)m_ ot lull_-scah, _,iululatud
flight hardware such as kilt, v,mt, the" :;hroud corrugatital,_, ice bag clip,
and a{t flehl .joint ring were ilttm'he,l It: lilt* plate, (t iy,. l(b)).
5 SClltqlldt J/,' Ot tilt' V_'III I 101¢ :_V_;I*':h i!i S}IOWII i ) } i)'3IIt' ] (¢'). I'}l_
I_]¢_[ltllll ch,lllll ,,r Was 3ttilch_'d to the !,._ck.;idc o! th], fulmc] !,iduw,,ll. Air
•das oht;iJlled trOlll tilt, atlllosphere, 'lie I I(_. rate w.l_ mt.a:_ured with a ! low
Illet_.,ri_lg oril ice and ?egulatod by ;* LnLteIt lv v,llvt, lo,,;_ted upstre_tm
oi the orli ice. Figure | (d) _ItO_!'_ lll_' ill:_l ;ll I;_I loll OI I il_' I_t)lllttl;tl%' layer
rakes.
Ih, t_lJl_; Ol tin! i4':_t [),lld_4,Ill' _i!l ',!IOWI' ill I i}_UlC ,'. iIH, pl;d,' w,l:,
;_4).1_4 eIII (q().(It) in.I Ioll}_ alld I;!1.9,' t'III (.'gS*{)() ill,) wide' _,'ith _! 1/' rm,q!
le;ldlng edgo, (11_;. i!(il)). I' ',,';l:, p;lll i;lllv t't'VCI_d with ;t l*ff).lh tin
(65.{)0 i!l.) corluF, Ited _i_,_'f io,,, _t ig. ;!(b)). 'l'!.i:< coIlu_;.lted :;_,cl ion,
tilt, Ice bag clip, and the ;lit I i*,l._ ]_,_ut I'i;ig ]',,re 1111] ¢;¢,._11, simuljt(,d
t][ght hardwilre, detail:; ill(' :dlK)lqtl ill ', if_lir,, ,_(c) lhtOll_*.,t ,*(J), De{ililq
Of the )lOlllliJ_ttV I_IV('I" fJtitkl,tl(_ts ,It*, ';Ih_ll ill I IKIIFt' I.
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The boundary-]ayer survey har,lwar(! com, i_;tt ) ,ll twu rakes (fi_,. 4(a)).
The larger boundary-layer rake contail_od 19 pr(d)e_;. The lower five probe._
were concealed by the corrugation crest, The _mall rz_k¢'contained 6 probes
I and was located in the corrugation trough, (flg. l(d)). 'llm large boundary
layer rake covered a distance of 3N.02 centimeters (13.00 In.) from the
eorrugatlon trough. Normal distance from thc- corrugation trougi, to each
probe is given in tile table of figure 4(a).
The boundary-layer rakes were used to survey the local flow field
and to measure the boundary-layer height. Rakes were located at tunnel
statlons 619.77 em (244.00 in.) and 624.85 cm (246.00 ill.), at distanues
of 51.56 em (20.30 in.) and 44.45 em (17.30 in.) respectiw!]y above the
_" cen_erllne of the vent. Tile static pressure instrumentation is shown in
figure 4(b) and table I.
Static pressure orifices ailead of the w_'nt were located in the corru-
gation trougll corner. Static pressure orifices aft of the vent region
were located along both the corrugation trough and crest, q_e :(leld joint
ring was also in_Lruu,_nte.d, (fig. 4(*:)). The vent and flow system [nstru-
mentatlon is sho_al in figure 4(d).
Z
CONF 1GIII_%TIONS
A configuration summary is given ill table I J. Five configurations
were teated: three were tile iIigllt con[ igurnt [on with variation in the
boundary layer thickeners; and two with the aft field joint ring removed
and no boundacy-layer thickeners. One ell the latter two configurations
had the vents orlflces plugged and was made to obtain the effect of open
vent orlf_ces on the localized pressures.
RES;UI.'I'S ANT) DISCI;SSION
Plenum pressure ratio, PE/PI ) is detined as tilt! rat io ol ,i It_ca]
.static (reference, P203' see tablt, I ;rod l i,.ure 4(b)) [)l't, Ssllrt, ill pl¢!lllllll
pressure. 11 e teferenct pressure used to :_(_tthq, ])lentil pressure ratio
and to compute tile local Math nlml])er W;I,¢; obfahled from a n(v-vent-I low
eendJtlon. A cnmparfsen of the relort!hCl._to_lrl t!_st Ft'/IU) !;latlc ])ressllre
ratio for npen vent (no vent tlew) and plu_gt,d vent is :dlow, In tigure 5.
Wittl tile excep l,, of Mac}) inlmbe)!: ¢)! 1.O5. 1.20 _tnd 1.t)6) t)),' open vent
had I ittle or no el lect ,)n tll(, relcrtql(!(, pr)'_su)'(,.
'llle local ,Math number _|_) i);IS('([ (Ill re|l'rent¢' _I;)! l( ])r,.).%sur( ' [_
shown In figure 6 as ;) fm)ctlnn o| the, free str(,am ,Ha,'h aumh(,r lot !1.,
five configurations tested with m_ v,,n/ i lcz4. The local Hath numhe) Inad
an insignificant deviation from tim free _tream Math number at ti:e _,ub_,,)nl,
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coHdt! iotl.q. BtZt, _t _upl,Fsotlie _.lat'h tlumbt.I_, part tctllarly b,t, tw_._,Tl HaVlt
1.05 and 1.40, tile dovlation:_ were _;Ignif ivaut.
'l'ht_ boundary layer vulocit.y )rol ill':;, I i}_tll't' 7, wore obtalnt.d t_!
each configuration. The velocity pr,_lih:i In tilt' lower l('_|Oll (tirr,t
SIX probt_i) were measured by tilt, !_la_lJl Fakt' ill the 12orr[l_(ill ioll trough ,
wlH0h was located at tunnel statlen 619.17 cm (244.00 in.) and 51.56 em
(20.30 In.) above tim plate centerline. A large boundary layer rake
located at tunnel statton 624.85 cm (246.00 In.) and 46.45 cm (17.30 in.)
above the plate centerline was used ttl obtain the velocity proftlen above
the corrugation crest to a height of 33.02 cm (13.00 in.). The first six
probes of tbe larger rake were masked by the corrugation crest. At tim
upper subsonic, transonic and supersonic Hath numbers a sligltt distortion
occurred at tile transition from tile smaller rake to the larger rake. q_e
distortion was caused by tim seventh probe on tile large rake being
near tile corrugation crest surface, resulting in a slightly lower
velocity than that whfch existed at the preceding probe on the small
rake.
The differences in the velocity ratio protilcs, figure 7, for the
various configurations reflect the thickening el the boundary layer through
tile use of tl " thickener rods, (fig. 8(a)), A comparison of the measured
boundvry layt,., isplacemcnt thtcknes._ (with and without thckener rods)
with analytical predictions for the flJghl vebiclf, is sl_own tn figure 8(b).
Tile boundary-layer veloclt y shal)e lact or.', tor the wtrlous toni tgltrattotl:_
are Mlo',.m in ft.';ure 8(c) over tile Ha,:h number range tested. Al,_o shown
in the [Jgnre [s the botmdarv-layer velocity power profiles, N, t,I 5 and
I1 taken lrom reterence 9. Boundary-.layer velocity power prol tie from
N = 5 to ll is the approxiraaLo r'_mge el fully-developed turbulent boundary-
layers, in general, the shape lectors for Lhe \,arious contigurat tons
were within the range of the fully_devd(qmd turbulent boundary-layers
velocity power proliles.
Variation el Vel|t d ischarhe cot, l I i c tout :;wi t h t he tllt!oum pressure
ratio, PE/PI, is .,ibown In l Jgure 9 tel" till! lrt,e'-tltrealll ',,l;ich number rilllge
investigated. Alsu presented tor each cont.iguration is tile haeal Haeh
Iltllllbt'r ;11 tim venL regJoll. As tli_it'lte;:;q.tl ¢gll'l |(,l both PE alia !.u'al }l/Icb
llllmbt'F were determiued lr4)[ll lilt, Zt,lO l]ow ,'olldition.
At tilt, llO-V¢,lll-tl(lw Ct)lltlj{iOll flit, illlOrlldl tllt':islll "4' , pI_ _ih(!ulll
tbt'ol'el ically eqtt,l] tilt. Ioc,_l t,xleri/:l] pl(,S}ill|'{,, I'F. Itowev4.t , iill(.rtli!l
filial exterTlal p,'essurt's weft, /lllt,cted dilll,rvntly by the' I't)ll_lJ_;ll iOll%_
ice hag cl ip-beundary-laye! illt!,ract _,,Ii ;uld iltt I i_,ld ](_int t inle. F_I
examplt'_ ill super:_onic Math Illllllb_'l ;, '1 I. Ig, lilt' .ll t i i_ Id ioit_t r t11_;
had llO el Iocl on till' Int(,rnal [)fl'ti_illtl",. WIlt'lei!_i ,I llOt ic.'ablt' el l_,('t
t_et'lllre(I till th(! l'xfertla] I)rl'bsltlt'_ PI{. Ill itddil I(_;l_ prl,!;!,u:_' _;l,ldit'ltl'_ Ill
both tbo Sl};Itl aed axial dirt,i'tioil_ Ill lilt, il!n'.,di,ll* \_t_t ;ir_,i!_ (t_iiltl _.l_l._'
r¢,eitl'tlli_tloll whl_'it wotlld _,lle_:l tile Jtltt'rllal l)r_'!_sttll ' ;illd ll(,t till' _ xl*'l'il,_]
|)ressllll' J'l",o l',Oliseqllenl lv_ lilt' iio_l low v*'tll i>rt'_:,llt_ l;ll io !*l /P[ V _I 11 ,i
item 0.9/* to I.(/_5.
A - •
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'l'ht' t'llt*l't ol the :Ht livid ioint rlnl.'> .ll lh+ v,qlt ,li_;(-'h.ul<'/'
:uid _ (,_'ith :rod without ;ill Jiold ],_in! , lit:,,, tl':_pt'+'t I'.q'ly). 'lhl'
vi>nt liivlt!h0,Fi4t, coecti¢!it-'llt w_t:_ hip, her _¢ith Ih...ill l it,ld ]oii,t x ill)', till
+t given vt,nt l)l'4'.%_illr_ + Fglt it.. Th,' I_lt,p>.>inp w,,_ <'_lu:,_.d !+y thq+ .lit I i_.ld
lOlllt r[lll4_ _i_i t!xpt,¢'tt, d I iilcl_,,l:,hlg t!ll+' I_l'(''_;lll4'!i ill tilt VC'ilt I+'giOII.
'I]I|S t!ffet:t tel shown hi ;l lltlt+l t igul_, (I ig. 10).
The ditterenees ill vent dJschgllgt! c<>l,|l iitJl_iits ill lilt! other eon-
f[gn_alk.ions (It 2 and 5) a]:e du_' to vatriat Joll:; [n tilt. boultt_il'y-iltyer
displacement thlcknes:+, l"h'_' in_*xi.tlum vent disctialg_ (:o++fl+tcil.qlt+ lot ;t
given plenuln press:'r¢' rat i-, was obta ined wl tit t.tu. IIKIX[In[| [I d i !il)] ;l('¢']{l('llt
thi.ckness, i:onfigutat Ion 2.
'file effect of boundary layer djsplncer,ent thickne:+s on the, pressure
di.strihution ts shown in figure 10 lor no-veiLt-flow condition. Increasing
the be undary layer displacement th lckness v;maed a reduct tim i n :_tat i c
pressure both upstreanl and down:it i_itlll of tile vent: air subsollLC _+peeds.
Ilowever, at SOhle supersonic Nach lltllllbers tile thicker boundary layer
condition_ re_mlted in a large pre,<;sure ri:_e in the vent region (for example
No = 1.2 and 1.6 (,'Lg. 10(i) and IO(k)). 'iqle pressure cot.tl ie_ents, aft
o[ tile vent_ tot tilt' two confi,;uratiom_, _ ,m<l 4_ without tilt, field ,joJllt
ring are substantially lower than tlu, prt'ssurt, cooilieit,nts with the
iield joint ring.
T|le etleet o! tilt, ice bag clip ,ln,l /it[ lieid juint rill,; t_ll tilt:, r+tntic
pre,qsul?e ti_,]ti w;l,,, b_l%!;ll]V illl[t,t:l¢_,d by t;_ |,,.,:idlirv lilvt,l _[int_t<'t_,li_+tic_,.
For exalnlplt,, ;1[ bot!l !illb_i(lllJc _|llti :_ttp+ 15,,Ill. t,,llcfJ[ iolD, Jof ('(1111 i_ttIr_tt{oll I,
(without botu_dary layer thickene_>) l!,t p_,.lk pil.ssur_, _ans¢,d by tile !i¢)ction
of the tt't" ba_t clip _illeitd oi lhw Vtl:t ,¢_t:_ ,_:+ 1,?rg_, u:; that cglll!it,d Itv thc
+tit I ield .itlilit r[llg. Whclt,li:_ lt!l _!lt, lt_l_{ i_;tll_/tl it}lie, 2 ;ilia +), witi]
botindatry layer thicken_!r.'i tilt, its, I_;tg lip t I lect v/iri_.d t itlm ;q_proxilnlitt, ly
tlnt'-hil]l ot tilt! liel.d joint r'ilD, , pt,ilk prc:_:;t,r_, cowl ticicll! ()I o :- 0.90,
(ig. lO(c), <ontigur;itton 2) to about 0.(!,_{ h_gher (N o _ 1.4(), fig>. 10(]),
tun[ igur_tt i<m 5).
'l_lt' t'tll'l't O( Vl'lll I [t'W O11 l_t,' plt'::,lil¢' <lJ!_ll i]}lltioil i: ";ht)Wll it,
|igllr't,s ]I lhlollgh 14. (;t'llt'l'illl_'+ lilt t'llt'l| {,1 V{'III llow :ell, [o ill,'I-t'<l:,t'
tilt' pr{!s._ltrt ' ilp,qtre,lln t)| _Jlt! Vt'll[ :l:l,I d_,t'l *,.t_it _ t ]lt_ pl _::!,lll't, d_,Wll:_t I (-'iiP' _}t
[ ill' Vi'llt.
,SI'H'qAI{'* tit, RI?;I',I,", 2;
All t'_tll'l il'lt'nt,_l JIIV¢'S[ |g,l[ i,_I: W,I', , <,ll_l+ll'tl,,I ill ,till, .!, i. {, t_t <*I, ;
l_tHitl,r I_I- bY (I-lllt)l _-;llin,lqollil, 'l,,'ill,', [tl!il,! I Ill ill lt,ll':iilt + lilt !li.,tll,tll,i,
c<_l'ti icit,!ll:i _1 lilt' t'l,llt,ull !H,illd it,! .;Tilt,tldlliqultl i,v,h,lltl'l I ; ,i- ,>,,},.ill
lilt,lit Vt'lll • ]hi' It':;I w,l'c I'l)lllhll lttl ',_II!l i_l! t 'it ;lit' ,i:'.;ll;ll('tl + I IM'.ll
h_lrdl,'ilt (it't,l" il | l't't'_lt l t:ll _'_*;11h !)_l(_llll I F,IIIl{,' i_l f). ,#(I I (J ] . ¢1tl W i ? h I i+t'
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